Mesenchymal to Epithelial Conversion in Rat Metanephros Is Induced by LIF  by Barasch, Jonathan et al.
Cell, Vol. 99, 377±386, November 12, 1999, Copyright 1999 by Cell Press
Mesenchymal to Epithelial Conversion
in Rat Metanephros Is Induced by LIF
found. Adjacent sheets of mesoderm or contiguous epi-
thelial tubules secreted factors that converted the cell
type. One common example is the effect of the ureteric
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1Department of Medicine Boyden (1927), Gruenwald (1943), and Grobstein (1955),
demonstrated that the stimulus for mesenchymal to epi-2Department of Pediatrics
College of Physicians and Surgeons of Columbia thelial conversion is provided by the ureteric bud, since
its surgical ablation prevented the appearance of newUniversity
New York, New York 10032 epithelia from metanephric mesenchyme (Saxen, 1987;
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To identify ureteric factors that trigger epithelialization
of the metanephric mesenchyme, we developed uretericSummary
bud cell lines (UB cells; Barasch et al., 1996) to act as
a surrogate for the embryonic ureteric bud. UB cellsInductive signals cause conversion of mesenchyme
express many proteins typical of the embryonic uretericinto epithelia during the formation of many organs.
bud including mesenchymal growth and survival factorsYet a century of study has not revealed the inducing
as well as receptors for factors produced by the mesen-molecules. Using a standard model of induction, we
chyme (Barasch et al., 1996; Sakuri et al., 1997). Usingfound that ureteric bud cells secrete factors that con-
media conditioned by UB cells, we previously isolatedvert kidney mesenchyme to epithelia that, remarkably,
several factors, each of which stimulated metanephricthen form nephrons. Purification and sequencing of
mesenchymal growth and prevented its apoptosis. Theseone such factor identified it as leukemia inhibitory fac-
include fibroblast growth factors (Barasch et al., 1997)tor (LIF). LIF acted on epithelial precursors that we
and tissue inhibitors of metalloproteinases (Barasch etidentified by the expression of Pax2 and Wnt4. Other
al., 1999). However, none of these factors caused theIL-6 type cytokines acted like LIF, and deletion of their
conversion of mesenchyme to epithelia. We now findshared receptor reduced nephron development. In
that UB cells secrete several additional activities that insitu, the ureteric bud expressed LIF, and metanephric
the presence of mesenchymal growth factors (Karava-mesenchyme expressed its receptors. The data sug-
nova et al., 1996; Barasch et al., 1997) trigger mesenchy-gest that IL-6 cytokines are candidate regulators of
mal to epithelial conversion. Remarkably, these nascentmesenchymal to epithelial conversion during kidney
epithelia progressed further in their developmental path-development.
way by generating several differentiated epithelial cell
types, cysts, tubules, and segmented nephrons. WhenIntroduction
the most active fraction was purified and sequenced,
we found that the protein was leukemia inhibitory factorMost epithelial organs originate by the folding or branch-
ing of preexisting epithelia. In contrast, in the urogenital (LIF).
system, the pleura and peritoneum, the endothelium,
and the midgut of Drosophila, epithelia arise from mes- Results
enchymal cells (Ekblom, 1989; Reuter et al., 1993; Tep-
ass and Hartenstein, 1994). During study of several of UB Cells Secrete Factors that Trigger Epithelialization
these models of mesenchymal to epithelial transition, a of Metanephric Mesenchyme
requirement for signaling by neighboring tissues was When isolated metanephric mesenchymes from rat renal
anlage of day 13 of embryonic life (E13) were cultured
in serum-free media, they underwent apoptosis in 48 hr7 To whom correspondence should be addressed (e-mail: jmb4@
columbia.edu). (Koseki et al., 1992). With the addition of metanephric
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Figure 1. Induction of Epithelia in the Metanephric Mesenchyme by UB Cell±Conditioned Media
Isolated metanephric mesenchymes were cultured in serum-free media (Avner et al., 1985; Karavanova et al., 1996), supplemented with FGF2
(50 ng/ml) plus TGFa (10 ng/ml) or additionally with media conditioned by UB cells (100 mg/ml). The mesenchymes were analyzed after 7 days
in culture.
(A) Metanephric mesenchymal cells are rescued from apoptosis by incubation with FGF2/TGFa, but they do not show epithelial organization.
Bar, 20 mm.
(B) Metanephric mesenchyme incubated with FGF2/TGFa plus UB cell±conditioned media. Mesenchymal cells are organized in epithelialized
aggregates (arrowheads), including C-shaped bodies (arrows). Bar, 20 mm.
(C) High power shows polarized epithelia. Bar, 20 mm.
growth factors FGF2 and/or TGFa, the mesenchymes Recombinant LIF Triggers Epithelialization,
Tubulogenesis, and Nephrogenesis ingrew and were able to survive more than 1 week in
culture (Karavanova et al., 1996; Barasch et al., 1997). Isolated Metanephric Mesenchymes
rLIF had identical actions as our purified fraction. Incu-Yet, these mesenchymes showed neither evidence of
epithelial organization (Figure 1A) nor expression of cy- bation of metanephric mesenchyme with rLIF induced
the appearance of E-cadherin within 48 hr of treatment,tokeratin, a marker of mature epithelia in the developing
kidney (Holthofer et al., 1984; Lehtonen et al., 1985), or demonstrating rapid mesenchymal to epithelial conver-
sion (Figure 3C). Continued incubation (greater than 7E-cadherin (see below), a protein required for epithelial
morphogenesis (McNeill et al., 1990; Levine et al., 1994). days) resulted in the appearance of over 100 tubules
In contrast, when media conditioned by ureteric bud
cells (UB cells) were added to the isolated metanephric
mesenchymes, they converted into epithelia. We found
about 100 tubules and cysts in each mesenchyme after
7 days of incubation (Figure 1B). These structures had
characteristics of polarized epithelia, including a base-
ment membrane, basally disposed nuclei, and apical
junctional complexes (EM, data not shown), and they
expressed epithelial cytokeratins (data not shown).
These data demonstrate that factors produced by UB
cells were able to transform metanephric mesenchyme
into epithelia and induce tubulogenesis.
Purification and Identification
of the Epithelializing Factor
Media conditioned by UB cells were initially fractionated
using heparin-Sepharose chromatography (Barasch et
al., 1997), and the fractions were assayed for the appear-
ance of epithelial morphologies and cytokeratins in iso-
lated metanephric mesenchymes (in the presence of
Figure 2. Purification of an Inducing Protein from UB Cell±FGF and TGFa). An active fraction (eluting at z0.1 M
Conditioned MediaNaCl) was further purified by a second heparin-Sepha-
Silver-stained SDS±PAGE gel shows aliquots of active fractions:rose column, using a shallow gradient of NaCl for elution,
media conditioned by UB cells (4 mg) and fractions of the condi-followed by anion exchange, chromatofocusing, and
tioned media recovered from chromatography with heparin-Sepha-gel filtration chromatographies. Gel filtration yielded a
rose (4 mg), anion exchange (4 mg, equivalent of 0.4% of total pro-
prominent 46 kDa protein (Figure 2); mass spectrometric tein), chromatofocusing (0.4% of total protein), and gel filtration
analysis and sequencing of tryptic peptides identified it columns (0.4% of total protein). Sequencing of the isolated 46 kDa
protein identified it as LIF.as mouse LIF.
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Figure 3. Induction of Epithelial Proteins by
rLIF
Metanephric mesenchymes cultured with
FGF2/TGFa do not express E-cadherin ([A]
immunoblot; [C] RT±PCR) or cytokeratin ([B]
immunoblot). Addition of rLIF (100 ng/ml) in-
duced the expression of both of these pro-
teins. E-cadherin was detectable by 48 hr of
treatment with rLIF. Immunoblot lanes con-
tain 20 mg protein, and RT positive and nega-
tive signs, respectively, connote the presence
and absence of reverse transcriptase in RT±
PCR reactions from the same sample.
in greater than 80% of rat mesenchymes tested (50 epithelial protein E-cadherin, which is expressed by
both the ureteric bud and by mesenchymally derivedindependent experiments). The tubules expressed WT1
protein (data not shown), demonstrating that they de- epithelia, but not by noninduced metanephric mesen-
chyme (Vestweber et al., 1985), was undetectable bothrived from metanephric mesenchyme (Pritchard-Jones
et al., 1990; Armstrong et al., 1992) and not from frag- by immunoblot (Figure 3A) and by RT±PCR (Figure 3C) in
mesenchymes incubated without LIF, but it was presentments of ureteric bud that may have contaminated the
isolated mesenchymes. Inducing activity was present when LIF was added; (3) epithelial cytokeratins, which
are expressed by both the ureteric bud and by mesen-at doses as little as 0.2 nM, consistent with the reported
binding affinity of LIF for the LIF receptor/gp130 hetero- chymally derived epithelia, but not by noninduced meta-
nephric mesenchyme (Holthofer et al., 1984), were unde-dimer (Gearing et al., 1991, 1992).
Many of the induced tubules were identical to C-shaped tectable in mesenchymes incubated without LIF, but
they were present when LIF was added (Figure 3B); (4)bodies found in vivo, a structure that represents the
initial organization of the nephron (Figure 4A). To deter- isolated E12 rat metanephric mesenchyme (not yet in
contact with the ureteric bud) generated epithelia whenmine whether these bodies had other characteristics of
nephron precursors, we stained for E-cadherin, a protein treated with LIF (data not shown); and (5) a lectin specific
for ureteric bud cells (Dolichos bifloris; Laitinen etwith a characteristic expression pattern during this
phase of nephrogenesis. E-cadherin was present along al., 1987) did not stain mesenchymes containing LIF-
induced tubules (data not shown). These data demon-lateral and apical cell membranes (Figure 4D) particu-
larly at one pole of each body, matching the protein's strate that LIF caused mesenchymal to epithelia transition,
tubulogenesis, and nephrogenesis in rat metanephricdistribution in C-shaped bodies in vivo (Vestweber et
al., 1985; Klein et al., 1988; Cho et al., 1998). Also, each mesenchymes in the absence of contaminating ureteric
bud cells.C-shaped body was circumscribed by collagen IV con-
taining matrix (data not shown), the characteristic basal
surface of the early nephron (Ekblom, 1981; Ekblom et LIF Acts after Only Transient Exposure
A striking finding in classical studies with isolated meta-al., 1981).
Approximately 10% of the LIF-induced tubules resem- nephric mesenchyme was that the inducing tissue could
be withdrawn after only 24 hr of contact with the mesen-bled S-shaped bodies (Figure 4B), an advanced nephron
precursor that contains progenitors of the glomerulus chyme, yet epithelial morphogenesis proceeded (Nord-
ling et al., 1971). To determine whether LIF acts as aas well as cells destined to become the proximal tubule.
Indeed, a specific marker of the proximal tubule (Lotus trigger for epithelialization or is continuously required
to produce epithelia, we exposed rat mesenchymes totetragonolobus lectin; Laitinen et al., 1987) was present
in these segments (Figure 4E). In addition, in each LIF- rLIF for 24 hr. Mesenchymes were then washed and
recultured in the presence of neutralizing antibodies totreated mesenchyme 10±20 tubules developed seg-
mental features characteristic of glomeruli. Glomeruli LIF, or to ensure complete removal of LIF, the mesen-
chymes were dissociated to single cells and recultured.were identified by characteristic visceral and parietal
podocytes defining Bowman's space (Figure 4C; Abra- In both conditions, incubation with rLIF for 24 hr was
sufficient to initiate conversion to epithelia (data nothamson, 1991) and by peanut lectin staining of visceral
podocytes (Figure 4F; Laitinen et al., 1987). shown). The data indicate that LIF acts like a classic
kidney inducer.The possibility that mesenchymal transformation into
epithelia and nephrogenesis was due to the presence
of contaminating ureteric bud cells was excluded based Location of LIF and Receptor in Embryonic Kidney
To examine whether the in vivo expression of LIF andon the following studies: (1) the appearance of tubules
had an absolute requirement for exogenous LIF; (2) the its receptors (LIF receptor and gp130 heterodimers) is
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Figure 4. Induction of Nephrons by rLIF
Isolated mesenchymes were incubated with rLIF (100 ng/ml) plus FGF2/TGFa for 8 days. Light microscopy (A±C). Confocal micropscopy
(D±F).
(A) Epithelia organize in spirals reminiscent of C-shaped nephrons in embryonic kidney. Nonepithelialized mesenchymal cells surround each
body. Bar, 15 mm.
(B) LIF-induced mesenchymes contain S-shaped tubules characterized by a separation of future parietal (ªPº) from visceral (ªVº) epithelia.
Future proximal tubule (ªPtº). Bar, 11 mm.
(C) LIF-induced mesenchymes contain glomeruli, which are demonstrated by the separation of parietal (ªPº) from visceral (ªVº) epithelia by
Bowman's space (*). Bar, 11 mm.
(D) Segmental expression of E-cadherin in a C-shaped body. The lower pole of this C-shaped body is the predominant site of E-cadherin
immunoreactivity. This distribution corresponds to the localized expression of E-cadherin in the juxtaureteric pole of C- and S-shaped bodies
in vivo (Cho et al., 1998). Note that E-cadherin locates to apical±lateral membranes, which is typical of its distribution in newly formed epithelia
in vivo. To show the outline of the entire body, the image is overexposed. Bar, 15 mm.
(E) Proximal tubular segments (ªPtº) are demonstrated by the expression of Lotus tetragonolobus±binding sites on apical membranes of the
induced tubules. Bar, 50 mm.
(F) Visceral epithelia (ªVº) of the glomerulus (podocytes) are demonstrated by peanut lectin staining after neuraminidase treatment of the
induced mesenchyme. Bar, 50 mm.
compatible with the notion that LIF is an inducer from neuronotrophic factor (CNTF; data not shown). Thus,
the ureteric bud produces, in addition to LIF, severalthe ureteric bud, we performed RT±PCR on metanephric
mesenchyme just prior to its invasion by the ureteric other cytokines of the IL-6 family.
bud (rat E12) and of ureteric buds just after their exten-
sion from the Wolffian duct (rat E12.5). While LIF receptor Epithelial Conversion of Metanephric Mesenchyme
by gp130 Ligandsand gp130 were readily detectable in metanephric mes-
enchyme, LIF was not expressed (Figure 5). In contrast, LIF shares with other molecules of the IL-6 family the
ability to heterodimerize and activate gp130 and its ownureteric buds isolated at E12.5 expressed both LIF and
its receptors. The same data were obtained from tissues receptor (Taga et al., 1989; Ip et al., 1992). To determine
whether activation of the heterodimer by family mem-harvested just after ureteric invasion (E13). These data
demonstrate that the ureteric bud is a source of LIF for bers other than LIF could also induce epithelia, we
treated isolated rat metanephric mesenchymes withthe metanephric mesenchyme.
Previous studies found that the mouse ureteric bud cardiotrophin, CNTF, or oncostatin M. These molecules
(50±100 ng/ml) stimulated epithelial conversion and tu-expressed other members of the IL-6 family, including
oncostatin M (Hara et al., 1998) and cardiotrophin bulogenesis (80% response in four independent experi-
ments). To determine whether activation of the gp130(Sheng et al., 1996), a finding confirmed by us in rat. We
also found that the rat ureteric bud expresses ciliary receptor, without activation of the LIF receptor, was
LIF Induces Epithelia
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the common receptor signal transducer for all IL-6 type
cytokines. The kidneys from E15 gp130-depleted mice
(Yoshida et al., 1996) were smaller, and their nephro-
genic zone (the cortical rim of mesenchymal cells that
produce new nephrons) appeared to have an excess of
mesenchymal cells relative to the number of epithelial
tubules (ureteric bud and nephron precursors) (Figure 6).
We counted glomeruli and S-shaped bodies displaying
glomerular development in serial sections of kidneys
from littermates and found 60 6 7 per kidney in wild
type and 29 6 5 per kidney in the knockout (n 5 13;
p , 0.005). Similarly, kidneys from E13 embryos con-
tained 17 6 4 per kidney in the wild type and 9 6 3 per
kidney in the knockout (n 5 13; p , 0.05).
When E11.5 mouse kidneys were cultured in vitro in
the presence of an anti-gp130 antibody (which inhibits
induction of metanephric mesenchymes by LIF), there
was a 30% reduction in the number of mesenchymal
epithelial bodies compared with paired kidneys incu-
Figure 5. Location of LIF and LIF Receptors
bated with control antibody (p , 0.001). These data
The ureteric bud expresses LIF as it buds from the Wolffian duct
implicate a requirement for the LIF/IL-6 signaling path-and invades the metanephric mesenchyme at E12.5. In contrast,
way in the generation of nephrons from mesenchymalmetanephric mesenchyme (E12) does not express LIF. Both com-
cells in the kidney.partments express gp130 and LIF receptors. RT positive and nega-
tive signs, respectively, connote the presence and absence of re-
verse transcriptase in RT±PCR reactions from the same samples. LIF Action Requires Pretreatment with Mesenchymal
Growth Factors
sufficient to convert mesenchyme to epithelia, we cul- We found that the inducing activity of LIF (and other
tured metanephric mesenchymes with IL-6. IL-6 alone IL-6 cytokines) required the presence of any one of a
(50 ng/ml) had no effect; however, when added together number of mesenchymal growth factors (FGF2, TGFa,
with a soluble form of its receptor (5 mg/ml; Taga et al., or FGF9). In contrast, when mesenchymes were first
1989), IL-6 caused mesenchymal to epithelial conver- incubated with rLIF for 2 days followed by the addition of
sion and tubulogenesis. These data demonstrate that FGF2 and TGFa, there was no mesenchymal to epithelial
epithelialization of the metanephric mesenchyme may conversion (data not shown). Hence, we suggest that
be triggered by ligands that activate either the LIF recep- LIF must act on mesenchymal cells that are maintained,
tor/gp130 complex or gp130 independently of LIF re- expanded, or made competent to respond to LIF by a
ceptors.
metanephric mesenchymal growth factor and that LIF
alone cannot maintain these cells. To confirm this no-
IL-6 Family of Cytokines Induces
tion, we examined for the presence of Pax2 and Wnt4,Mouse Mesenchyme
two proteins that are thought to be expressed by epithe-Because kidney induction has been extensively studied
lial precursors in the metanephric mesenchyme (Roth-in the mouse (Saxen, 1987), we examined whether LIF
enpieler and Dressler, 1993; Stark et al., 1994). Cellscould also induce epithelial transformation in mouse
expressing high levels of Pax2 and Wnt4 are found inmesenchyme. Mouse metanephric mesenchymes from
small clusters encasing tips of the ureteric bud in vivoE11.5 kidneys were cultured in serum-free media (Avner
(Rothenpieler and Dressler, 1993; Stark et al., 1994).et al., 1985; Karavanova et al., 1996), and to prolong
When mesenchymes were cultured in vitro with FGF2,their survival in vitro, we tested combinations of FGF2,
clusters of these cells grew into prominent nodules (Fig-8b, 9 (100 ng/ml), TGFa (10 ng/ml), a conditioned media
ure 7A) that expressed Pax2 and Wnt4 (Figures 7B andcontaining BMP7 (Liem et al., 1995), and all-trans and
7C). In contrast, metanephric mesenchymes treated with9-cis-retinoic acid (200 nM). A preliminary analysis
LIF alone had no nodules of Pax2, Wnt4 positive cells.showed that FGF2, FGF9, and TGFa was the best combi-
To examine whether LIF acts on epithelial precursorsnation, although mouse mesenchyme never grew for more
(the Pax2, Wnt4 expressing cells), we cultured meta-than a few days. As was the case in rat mesenchyme, the
nephric mesenchymes with FGF2 and then monitoredaddition of LIF or oncostatin M induced epithelialization,
for the activation of STAT3 (one target of gp130 activa-although the frequency of conversion appeared quite
tion) after adding LIF. We found that after only 1 hr oflow (30%; range, 20%±50%). This was likely due to a
exposure to LIF, phosphorylated STAT3 was prominentfailure of growth and apoptosis of the mesenchyme after
in the nuclei of these cells (Figure 7D), suggesting that4 days in culture (see Dudley et al., 1999). These data
the cytokine can directly activate second messengerdemonstrate that LIF can induce epithelialization of
signaling in epithelial precursors. To test this directly, wemouse mesenchyme, but the conversion is limited by
excised the nodules containing the epithelial precursorsunkown culture requirements.
with a fine needle and did two experiments. First, using
fluorescence-activated cell sorting, we measured theInhibition of gp130 Reduces Nephron Formation
binding of an LIF probe to the isolated cells and com-To evaluate whether LIF and other cytokines of the IL-6
pared it with the binding of the probe to cells fromfamily are required for renal development, we exam-
ined the kidney phenotype of mice deleted for gp130, unfractionated metanephric mesenchyme. We found
Cell
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Figure 6. Reduced Nephrogenesis in gp130-
Deleted Mice
Midsection of E15 kidneys shows a reduced
number of epithelial elements in deleted ani-
mals compared with kidneys from wild-type
littermates. Mesenchymal cells appear more
abundant in the subcapsular nephrogenic
zone of the deleted animals. Bar, 150 mm.
that epithelial precursors bound 10-fold more probe Discussion
than did other cells in the metanephric mesenchyme.
Second, we assayed for STAT3 activation after adding Epithelial organs can derive from mesenchymal cells,
but the inductive molecules are unknown. Since BoydenLIF directly to the isolated nodules. Whereas untreated
nodules were negative, the addition of LIF induced the (1927), Gruenwald (1943), and Grobstein (1953), it has
been clear that prekidney mesenchyme converts to epi-tyrosine phosphorylation of STAT3 within 1 hr of expo-
sure. The data suggest that metanephric growth factors thelia upon signaling by the adjacent ureteric bud. How-
ever, few studies to date have directly examined themaintain Pax2, Wnt4 positive epithelial precursors that
then are directly ligated and induced by LIF. inductive function of the ureteric bud, and indeed there
Figure 7. Epithelial Precursors Activated by
LIF
Isolated metanephric mesenchymes were
cultured with FGF2 and TGFa overnight. Nod-
ules of cells (A) express nuclear located Pax2
protein (B) and Wnt4 message (C). The addi-
tion of LIF (100 ng/ml) for 1 hr triggered the
nuclear translocation of phosphorylated-
STAT3 in the cells of one of these clusters
(D). One mesenchyme is shown in each panel.
(A±C) Bar, 180 mm; (D) Bar, 100 mm.
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are very few molecular candidates for this conversion. (as well as FGF9, TGFa, and TIMP2) rescued from apo-
ptosis the rat metanephric mesenchyme and expandedHerzlinger et al. (1994) found that fibroblasts expressing
Wnt1 induced epithelial conversion and suggested that the clusters of Pax2, Wnt4 positive cells into distinct
nodules. This subset of cells intensely expressed otherWnts may be mesenchymal inducers released from the
ureteric bud. However, Wnt1 is not expressed in the proteins that are particularly abundant in mesenchymal
cells of the nephrogenic zone in vivo (J. Y. et al., unpub-kidney. Wnt11 is expressed by tips of the ureteric bud
adjacent to mesenchyme undergoing epithelial conver- lished data). In vitro, these epithelial precursors bound
LIF, activated STAT3, and expressed E-cadherin. Hence,sion (Kispert et al., 1996), but fibroblasts expressing
Wnt11 do not trigger epithelialization of isolated meta- LIF appears to activate a program of epithelial gene
expression in epithelial precursors that were maintainednephric mesenchyme (Kispert et al., 1998). Wnt4-
expressing fibroblasts can induce isolated metanephric or expanded by FGF2. These data distinguish growth
from induction of epithelial precursors (Weller et al.,mesenchymes (Kispert et al., 1998), but Wnt4 is not
expressed by the ureteric bud, but rather by aggregates 1991) and suggest that induction in vivo must result from
coordinate actions of at least two types of ureteric budof mesenchymal cells surrounding the tips of the ureteric
bud (Stark et al., 1994). Wnt7b-expressing fibroblasts factors acting in series. A dual requirement for IL-6 cyto-
kines and additional signaling molecules (like FGF2) hascan also induce epithelialization of isolated metanephric
mesenchyme, but Wnt7b is expressed later in develop- been observed in neural differentiation (Murphy et al.,
1993, 1994; Nakashima et al., 1999).ment by maturing collecting ducts, suggesting that it is
not involved in early inductive events (Kispert et al., Consistent with the hypothesis that LIF and cytokines
of the IL-6 family are important for epithelial maturation,1996). These data suggest that the ureteric bud synthe-
sizes unknown inducing molecules in addition to the we found fewer developed nephrons in animals deleted
of gp130, the shared receptor for these cytokines. Re-Wnts.
To identify authentic inducers of the metanephric duced nephrogenesis likely results from loss of renal
gp130 rather than systemic abnormalities in the deletedmesenchyme, it is necessary to find factors that are
expressed by the ureteric bud. To isolate these epithelial animals because neutralizing antibodies were also ef-
fective in reducing nephron development in vitro. Giveninducers, we produced cell lines from ureteric buds that
had just contacted the metanephric mesenchyme (Bar- that both the ureteric bud and the metanephric mesen-
chyme express gp130 receptors, the primary deficit fromasch et al., 1996). In common with the invading ureteric
bud in vivo, UB cells express epithelial-specific proteins loss of gp130 signaling could be in either compartment,
and reduced mesenchymal development could result(E-cadherin, ZO-1, cytokeratin, collagen IV, and laminin),
receptor tyrosine kinases (c-ret and c-met), lectin (Dol- from inhibition of the ureteric bud. However, given that
LIF activated STAT3 in epithelial precursors in vitro andichos bifloris) binding sites (Barasch et al., 1996; Sakuri
et al., 1997), as well as three antigens identified by mono- is activated in cells of the nephrogenic zone in vivo, as
indicated by its prominent nuclear localization in theseclonal antibodies raised against UB cells that cross-
react with the ureteric bud (J. B., unpublished data). mesenchymal cells (data not shown), it is likely that
STAT3 activation is uniquely important for the inductionIn addition, UB cells secrete a number of factors that
promote the growth of rat metanephric mesenchyme, of epithelia.
While gp130 deletion reduced nephron number, it issuch as FGF2, FGF9, TIMP1, and TIMP2, that are also
synthesized by the embryonic ureteric bud (Barasch et clear that mesenchymal to epithelial conversion did take
place. If STAT3 is critical for kidney induction, activational., 1997, 1999). These results demonstrate that UB cell
lines are an authentic source of ureteric bud proteins. of this pathway by ligands other than members of the
IL-6 family (Schindler and Darnell, 1995; Boccaccio etUsing the conversion of isolated metanephric mesen-
chymes to epithelia, we purified and sequenced one al., 1998; Sierra-Honigmann et al., 1998) could explain
the continued formation of nephrons in gp130-deletedfactor secreted from the ureteric bud and found that it
was LIF. In vivo, LIF is expressed by the ureteric bud at animals. Indeed, embryonic kidney expresses many li-
gand±receptor pairs (e.g., HGF, PDGF, and the EGF fam-the time it invades the metanephric mesenchyme, and
LIF receptors are expressed by the mesenchyme. Thus, ily; Partanen and Thesleff, 1987; Sonnenberg et al., 1993;
Woolf et al., 1995; Lindahl et al., 1998; Seifert et al., 1998)LIF represents a class of ureteric inducers that trigger
mesenchymal induction during kidney development. In- that can activate STAT3. Because deletion of STAT3 is
lethal during early development (Takeda et al., 1997),terestingly, the ureteric bud also expresses oncostatin,
cardiotrophin, and CNTF, and all of these IL-6 family examination of this hypothesis requires a targeted mu-
tation.members were able to induce the metanephric mesen-
chyme, suggesting that they may be involved in one or Bard and Ross (1991) had previously shown that treat-
ment of isolated embryonic kidneys with LIF reducedmore stages of metanephric development.
The invasion of the metanephric mesenchyme by the the number of fully developed nephrons, a finding that
appears to be in conflict with our results. However, theseureteric bud stimulates both mesenchymal proliferation
and epithelial conversion in ªnephrogenicº zones that authors found that LIF caused widening and budding
of central (medullary) regions of the ureteric tree. Bysurround each tip of the ureteric bud (Ekblom et al.,
1983; Vainio et al., 1992). This pattern is reproduced visualizing the ureteric bud with Dolichos bifloris, we
found that LIF not only altered the branched structure ofwith the generation of each nephron. Our results demon-
strate that epithelialization of metanephric mesenchyme the ureteric bud but also inhibited its centrifugal growth,
reducing the number of its tips in the nephrogenic zonerequires concurrent signaling by growth factors that
maintain or expand populations of epithelial precursors. by about 60% (p , 0.02). Since nephron development
requires the interaction of the ureteric bud with epithelialWhereas LIF had no mesenchymal growth activity, FGF2
Cell
384
eluted by a linear gradient of NaCl (Barasch et al., 1997). One activityprecursors, exogenous or ectopic LIF may inhibit neph-
eluted at z0.1 M NaCl, and these proteins were run on a secondron formation indirectly by inhibiting the growth and
heparin-Sepharose column and eluted by a shallow NaCl gradient.altering the structure of the ureteric bud. The expression
The active fraction was injected into a Mono Q column (Pharmacia)
of gp130 and LIF receptors by the ureteric bud is com- in 20 mM Tris, 1 mM ethanolamine (pH 9.2) and eluted by a NaCl
patible with this idea. gradient in the same buffer. The active fraction (eluting between 0±60
The action of LIF and related cytokines on kidney mM) was separated by chromatofocusing with a Mono P column
(Pharmacia; buffer A: 25 mM triethanolamine [pH 8.35]; buffer B: 9mesenchyme is consistent with that of the IL-6 family in
ml polybuffer 96, 0.21 ml pharmalyte [pH 6.0]); activity eluted at amany cell types. For example, M1 leukemic cells rapidly
pH of 7.65. This fraction was resolved by gel filtration (Superdex-differentiate when exposed to LIF (Metcalf et al., 1988).
75 SMART column, Pharmacia) in 150 mM NaCl, 50 mM NaPO4,LIF and CNTF can generate astrocytes (Bonni et al.,
10% sucrose (pH 7.0). Activity was recovered at 46 kDa. The final
1997; Nakashima et al., 1999), oligodendrocytes (Mayer fraction was concentrated by evaporation and loaded on a 10%
et al., 1994), or sensory neurons (Murphy et al., 1991) polyacrylamide-SDS gel and the protein finally transferred to nitro-
from different precursor cells that otherwise remain un- cellulose.
Peptides were generated from the nitrocellulose-bound proteindifferentiated or produce other derivatives (Murphy et
by in situ tryptic digestion (Lui et al., 1996) and fractionated byal., 1993, 1994). Similarly, LIF receptor activation of
reversed-phase HPLC with a 0.8 mm Vydac C-18 column (LC-Pack-STAT3 was found to be essential for epithelial tubulo-
ings; Elicone et al., 1994; Tempst et al., 1994). Selected peak frac-genesis (Boccaccio et al., 1998) and to mediate endothe-
tions were then analyzed by a combination of delayed extraction
lial morphogenesis (Sierra-Honigmann et al., 1998). Our matrix-assisted laser-desorption/ionization reflectron time-of-flight
finding that activation of the IL-6 cytokine receptor trig- mass spectrometry (MALDI re-TOF MS; REFLEX III, Bruker-Franzen)
gers mesenchymal to epithelial conversion after activa- and automated Edman sequencing 477 A (Applied Biosystems; Erd-
jument-Bromage et al., 1998). Partial peptide sequences were com-tion of STAT3 in epithelial precursors might be another
pared to entries in both the nonredundant (ªnrº) and ªdbESTº data-example of the central role of this pathway in cellular
bases from the National Center for Biotechnology Information (NCBI)differentiation.
using the Blast program (Altschul et al., 1990). After matches withIn sum, we have purified a factor (LIF) that induces
LIF had been found, mass analysis of several more peptides was
epithelialization of mesenchymal precursor cells. The done and the results compared to the published sequences by
induced cells then organize in epithelial structures spe- mass fitting using PeptideSearch software (provided by Dr. Matthias
cific to kidney mesenchyme. The inducer acts on clus- Mann; Odense University, Denmark).
ters of Pax2, Wnt4 positive precursor cells that are other-
wise unable to change cell type. STAT3, which is rapidly RT±PCR
activated in these epithelial precursors may play a cen- To localize LIF, LIF receptor, and gp130 in metanephric mesen-
tral role in the switch. This pathway is necessary for chyme and in ureteric bud, we performed RT±PCR on 50 rat mesen-
chymes, obtained just before the invasion of the metanephric mes-renal development.
enchyme by the ureteric bud (E12), and on 400 ureteric buds,
obtained just after it budded from the Wolffian Duct (E12.5). SamplesExperimental Procedures
were also collected from E13 kidney. Primers for LIF: forward,
59CAATGCCCTCTTTATTTCC; reverse, 59ACTTGCTTGTATGTCCCC.Assay of Mesenchymal to Epithelial Conversion
Primers for LIF receptor: forward, 59TGAAGTGGAATGACAAAGGG;Media conditioned by UB cells, fractions of this media, as well as
reverse, 59AAGATGGATAAGAGGGCGG. Primers for gp130: for-commercial cytokines (R&D Systems) were assayed using meta-
ward, 59ACACAGTCCAAGTCAGTTTC; reverse, 59ATCCTTCCCACnephric mesenchymes from the E13 rat metanephros (Barasch et
CTTCTTC. Each reaction used 0.2 mg of poly(A) RNA and 30 cycles.al., 1996). Metanephric mesenchymes were cultured in serum-free
Sequencing authenticated the product of each reaction.media, supplemented with FGF2 (50 ng/ml) and TGFa (10 ng/ml)
For E-cadherin detection, RT±PCR from poly(A) RNA from cultured(Avner et al., 1985; Karavanova et al., 1996) plus the test fraction.
Epithelialization was induced by UB cell±conditioned media at 20 mesenchymes used the following primers: forward, 59GGAAGTGAT
mg/ml or greater. TCGAAATGATGTG; reverse, 59 TCAGAACCACTCCCCTCATAG. The
Conversion of the metanephric mesenchymal into epithelia was product was sequenced.
assayed by (1) immunocytochemistry for the epithelial marker cyto-
keratin (pan-cytokeratin, Sigma) in whole mounts of mesenchymes
Inhibition of gp130fixed in methanol and by immunoblots using 20 mg protein/lane and
Kidneys were obtained from E11.5 mice and cultured for 4 days in(2) morphology by light and electron microscopy of Epon embedded
MEM with 10% fetal calf serum with either goat anti-gp130 neutraliz-mesenchymes.
ing antibodies (80 mg/ml; R&D Systems) or nonimmune goat IgGAdditional assays of epithelialization included immunocytochemi-
(Jackson Immunoresearch). Induction of C- and S-shaped bodiescal detection of E-cadherin in mesenchymes (Transduction Labs)
was quantified using a mixture of antibodies against WT1 (Santaand by immunoblots using 20 mg of protein from mesenchymes.
Cruz), NCAM (Chemicon), and pan-cytokeratin (Sigma). gp130 (Yo-Collagen IV was detected by immunocytochemistry (Biodesign).
shida et al., 1996) kidneys were obtained from mice at E13.5 andNephron segments were detected by staining with Dolichos bifloris,
Lotus tetragonolobus, and peanut lectins (Vector Labs; Gilbert et E14.5 days of age, fixed in formalin, serial sectioned, and examined
al., 1996). by H&E stain. Results are reported as mean 6 SEM.
To determine whether epithelia were induced by brief exposure
to LIF, rat metanephric mesenchymes were treated with recombi-
Other Assaysnant LIF for different times and then washed and recultured with
Dissected metanephric mesenchymes were grown overnight in se-FGF2 and TGFa plus anti-LIF neutralizing antibodies (20 mg/ml;
rum-free media supplemented with FGF2 and TGFa and then pro-R&D Systems). Alternatively, single cells prepared by enzymatic
cessed for Pax2 immunocytochemistry (Rothenpieler and Dressler,dissociation of mesenchymes (Herzlinger et al., 1992) treated with
1993) using commercially available antibodies (Zymed) and for inLIF were plated on collagen-coated filters in serum-free media sup-
situ hybridization with a Wnt4 probe (Stark et al., 1994). Tyrosineplemented with FGF2 and TGFa.
phosphorylated STAT3 was detected by immunocytochemistry and
with immunoblots (BioLabs). Binding of LIF to mesenchymal cellsIsolation and Identification of LIF
dissociated by collagenase (Herzlinger et al., 1992) was detectedFifty liters of serum-free media, conditioned by monolayers of UB
with a fluorokine detection kit (R&D Systems); binding was displacedcells, was concentrated, desalted, and applied to heparin-Sepha-
rose (Pharmacia) in 10 mM Na2PO4 (pH 7.0). Bound proteins were by a 100-fold concentration of nonbiotinylated LIF.
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